<BRNE

‘f Kobe University Repository : Kernel

PDF issue: 2025-12-05

Molecular dynamics simulation for investigating
and assessing reaction conditions between
carboxylated polyethersulfone and
polyethyleneimine

Rahmati, Mahmoud ; Rajabzadeh, Saeid ; Abdelrasoul, Amira ; Kawabata,
Yuki ; Yoshioka, Tomohisa ; Matsuyama, Hideto ; Mohammadi, Toraj

(Citation)
Journal of Applied Polymer Science, 138(44):51304

(Issue Date)
2021-06-25

(Resource Type)
journal article

(Version)
Accepted Manuscript

(Rights)

© 2021 Wiley Periodicals LLC. This is the peer reviewed version of the following
article: Journal of Applied Polymer Science, 138(44):51304, 2021, which has been
published in final form at http://dx.doi.org/10.1002/app.51304. This article may be
used for non-commercial purposes in accordance with Wiley Terms and Conditions for U---

(URL)
https://hdl. handle. net/20.500. 14094/90008652

KOBE
\IJ}J\'I:IIM Y
AN




Molecular Dynamics Simulation for Investigating and Assessing Reaction Conditions

between Carboxylated Polyethersulfone and Polyethyleneimine

Mahmoud Rahmati**, Saeid Rajabzadeh**, Amira Abdelrasoul®, Yuki Kawabata®,
Tomohisa Yoshioka®, Hideto Matsuyama®, Toraj Mohammadi?

 Department of Chemical Engineering, Graduate University of Advanced Technology, Kerman,
Iran

b Research Center for Membrane and Film Technology, Department of Chemical Science and
Engineering, Kobe University, Rokkodaicho 1-1, Nada, Kobe, 657-8501, Japan

¢ Department of Chemical and Biological Engineering, University of Saskatchewan, 57 Campus
Drive, Saskatoon, Saskatchewan, STN 5A9, Canada

4 Center of Excellence for Membrane Science and Technology, Department of Chemical,
Petroleum and Gas Engineering, Iran University of Science and Technology (IUST),

Narmak, Tehran, Iran

* First corresponding author: Mahmoud Rahmati, Department of Chemical Engineering,
Graduate University of Advanced Technology, Kerman, Iran; E-mail address:

m.rahmati@kgut.ac.ir

** Second corresponding author: Saeid Rajabzadeh, Research Center for Membrane and Film
Technology, Department of Chemical Science and Engineering, Kobe University, Rokkodaicho

1-1, Nada, Kobe, 657-8501, Japan; E-mail address: rajabzadehk@people.kobe-u.ac.jp


mailto:amira.abdelrasoul@usask.ca

Abstract

Recently, Nano-filtration membranes are made by the reaction between a reactive functional
group on the surface of a tight ultrafiltration membrane and a charged branched polymer. This
reaction makes the selective layer of the nanofiltration membrane, which plays an essential role in
membrane performance. A molecular dynamics simulation with a reactive force field was used to
investigate the reaction of carboxylated polyethersulfone as the functional group of the
ultrafiltration membrane with polyethyleneimine. Experimental elucidation of the reaction
between the PEI amine and carboxyl groups is challenging, and an MD simulation was thus
employed. Furthermore, the simulation results show that the PEI and carboxylated
polyethersulfone polymers react with each other in a temperature-dependent manner. While no
reaction occurs at 298 K, carboxylated polyethersulfone and PEI begin to react when the
temperature is increased from 298 K to 323 K. Furthermore, a reversible reaction was observed

with a subsequent increase in temperature to 353 K.

1. Introduction

Nano-filtration (NF) membranes have been synthesised using a variety of methods. A typical
and well-developed method that has been widely applied for NF membrane fabrication is
interfacial polymerisation (IP) . Organic acid and base monomers react at the mouth of the
ultrafiltration (UF) or microfiltration (MF) membrane pore to create an NF membrane in the IP
method. Although different types of monomers, including both acidic and basic monomers, have

been applied with the addition of some type of additives, the primary mechanism that comprises
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the organic acid-base reaction in the mouth of the pores is complex and results in a sharp reduction
in the pore size. On tightening the base membrane (UF or MF membranes) pores, the pore size
drastically decreases to the NF-membrane pore-size range of 1 to 10 nm. Recently, a new method
for the fabrication of NF membranes has been under development mainly for brackish water
softening #®. In this method, a reactive functional group on the surface of a tight UF membrane
reacts with a charged branched polymer. This reaction not only causes the UF membrane pore size
to become much smaller in the range of the NF membranes, but also results in the fabrication of a
membrane that has a considerable charge and is suitable for water softening and removal of
divalent and multivalent charges.

Setiawan et al. ° fabricated positive-surface-charge NF membranes using a dual-layer
membrane with a skinny layer of a special poly(amide-imide), Torlon®, as the selection layer on
the porous support layer of the polyethersulfone (PES). Polyallylamine was used as a polycation
to react with Torlon on the support UF membrane surface to the make selective skin layer, to obtain
a positively charged NF membrane. In another research, Han et al. '° developed positively charged
NF membranes using Torlon/sulfonated polyphenylene sulfone as based blend UF membrane and
implemented a subsequent reaction of the UF base membrane with hyperbranched PEI to obtain
the NF membrane.

Recently, we fabricated a positively charged NF membrane based on the reaction of the
branched or hyperbranched polycation (polyethyleneimine (PEI)) with the carboxylic group on the
surface of the blend PES/C-PES UF membrane "®. Furthermore, by blending the PES and
synthesised carboxylaed PES (C-PES), a UF membrane with carboxyl functional groups on the
membrane surface was fabricated such that it could react with branched or hyperbranched poly-

cations (PEI) to fabricate a positively charged NF membrane. The influence of the blending ratio
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of the PES and C-PES, reaction temperature, reaction time, PEI solution pH, supporting
polyelectrolyte concentration (NaCl concentration in PEI solution), and PEI cross-linking
concentration and time were studied for the evaluation of our novel prepared membrane. Although
several characterisation techniques were used to thoroughly understand the formation mechanism
of the active layer, an accurate and precise understanding could not be realised. For example, the
membrane surface was analysed using Fourier transform infrared spectroscopy—attenuated total
reflectance (FTIR-ATR) to determine the formed covalent bond between the PEI; nevertheless,
identifying the carboxyl group was difficult for several reasons. Firstly, the number of segregated
COOH groups at the membrane surface was significantly low. Secondly, among the large number
of amine groups of PEI, very few of them from a big molecule with the COOH group. Lastly, the
penetration depth of the infrared wave inside the membrane in the FTIR-ATR analysis was
approximately a few microns, which is much deeper than the dense skin layer formed on the
membrane (several nanometers) based on the molecular reaction. Therefore, the FTIR-ATR
spectra comprise an average of the detected bonds at the depth of a few microns of the membrane.
However, the thickness of the formed dense selective layer owing to the reaction of the molecules
remains less than several nanometers. Thus, realising the recognition of the thin dense selective
layer formed based on the carboxyl group that reacted with the amine group of PEI in the
membrane’s dense selective layer by using FTIR-ATR is difficult. This resulted in an unapproved
analysis of the covalent bond between COOH and the amine group.

Furthermore, in our recent studies’, we observed that X-ray photoelectron spectroscopy
was an impractical approach for confirming the reaction owing to very low intensity of the reaction

peak. Therefore, the formation of the covalent bond between an amine and COOH group was



hypothesised based on other experimental analysis as well as some explanations and justifications.
A similar phenomenon was observed in a study by Fang et al. '!.

In this study, we tried to use an MD simulation to obtain a clear and deep understanding of
the interaction between the amine group from the PEI and the COOH group from the C-PES that
results in the formation of the selective skin layer of the NF membrane. In the recent decades of
MD simulation development, reactive force fields such as the Tersoff potential, reactive empirical
bond order, and reactive force field (ReaxFF) have been created using the bond-order concept.
These bond-order force fields equip software by considering the formation and dissociation of
chemical bonds during the MD simulations. Therefore, chemical reactions can be modeled.
ReaxFF has been applied for a wide range of chemical reactions, especially thermal

13-16

decomposition'?, cross-linking'*'®, polymerisation of polymer matrix!’, mechanical properties'®,

19 of polymers . For example, Hu et al. 21

membrane'® and thermo-mechanical properties
investigated the thermal-decomposition initiation mechanisms and kinetics of poly(methyl
styrene) using MD simulations with the ReaxFF reactive force field. It was reported that the
thermal decomposition of the poly(methyl styrene) molecule is initiated mainly by a carbon-carbon
sharp distance gap and is accompanied by degradation reactions that result in the formation of
degradation products.

The mechanical properties of the amorphous and crystalline phases of polyether—ether—
ketone (PEEK) were studied by Pisan et al. 2* using an MD simulation and reactive force fields.
The study demonstrated that the bulk mechanical properties of PEEK have good agreement with

1. '® used an MD simulation with ReaxFF to study the

the experimental data. Odegard et a
mechanical behavior of crosslinked epoxy resins. Their results clearly demonstrated that the

mechanical stiffness and strength values of epoxy resins show close agreement with the
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experimental values. Chenoweth et al. 3

examined the temperature and pressure dependence of
poly(dimethylsiloxane) polymer decomposition to investigate the chemical stability of polymers.
The simulation results of Zhao et al. >* demonstrated that the MD simulation with ReaxFF is a
reliable method for the evaluation of the chemical reaction mechanisms in polycarbonate pyrolysis,
activation energy, and pre-exponential factor, which agreed with the experimental findings.
Therefore, the objective of the present study is to use the ReaxFF for the first time to
investigate the chemical reaction between the PEI and C-PES polymers in the presence of water
at the atomic level to fabricate an NF-membrane selective dense layer. For this purpose, first, the
density and radial distribution function (RDF) analysis of PEI, C-PES and water in the pure state
were investigated using reactive MD simulation, and the simulation results were compared with
experimental data. The chemical reaction between the PEI and C-PES polymers were then

simulated to confirm our hypothesis, which we had used to explain the phenomena reported in our

previously published paper ®.

2. Computational Methods
The reactive MD simulations was conducted to investigate the chemical reaction between
the PEI and C-PES polymers in the presence of water at various temperatures. The computational

method approach consists of the two the reactive MD simulation, and properties.

2.1. Reactive MD Simulation
ReaxFF is used in the simulation of the chemical reaction in the MD simulation. This force
filed is a general bond-order-dependent that provides accurate descriptions of the bond formation

and breakage. Despite conventional unreactive force fields, in ReaxFF, the connectivity of the
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atoms is determined, and a calculation is performed based on the atoms’ bond. The interatomic
distances are updated in each MD step, which allows bonds to break or form during the simulation.
Non-bonded interactions, such as van der Waals and Coulomb interactions are calculated between
each pair of atoms regardless of their connection.

The total energy of the system in the case of ReaxFF is expressed in Equation (1) '*-2!.

Et = Ebond + Eover + Eunder + Eval + Eangle + Etors + Evdw + Ecoulmb +
Elp + EH—bond + Erest

Equation (1)
where the total energy of the system (Er) consists of the bond energy (Ebond), over coordination
energy (Eover), undercoordination energy (Eunder), valence-angle energy (Evar), angle strain energy
(Eangle), torsion angle energy (Erwrs), van der Waals energy (Evaw), Coulomb energy (Ecouiomb), lone
pair energy (Eip), hydrogen bond interactions energy (Ew-bond), and restrain energy (Eres:). The
ReaxFF coefficients of the C, H, N, O, and S atoms were adopted in all the simulations from a
previously reported study 2°.

The Nose-Hoover?!?*2® thermostat and Berendsen barostat ' were employed to control the
pressure and temperature during the simulations with a decay constant of 0.1 ps *. The Ewald
summation method, with an accuracy of 0.001 kcal/mol, was used for the long-range Coulomb
interactions 2°. The cutoff distance of the Van der Waals interaction was considered to be 1.25 nm
27 The Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) open source
package. The velocity Verlet algorithm and the time step of 0.1 fs '®?! were used to all MD

simulations. The periodic boundary condition is used in all the simulation boxes.

2.2. Properties



At first, the models of the molecular structure of the monomers and polymeric chains of PEI
and C-PES were fabricated to build the simulation box and run the MD simulation, as
schematically represented in Fig. 1. The polymer chains of PEI and C-PES were used in the all
simulations include 20 monomers. Finally, the density pure materials(PEI, C-PES and water) and

the reaction between the polymers were investigated.

2.2.1. Density

The density of pure PEI, C-PES, and water was calculated using MD simulation. For this
purpose, the amorphous cell module in the Materials Studio software *° was applied for preparing
the simulation boxes and the initial density of them was 0.1 g/cm?®?’. The simulation boxes of pure
PEI, C-PES, and water contain 10, 10, and 100 molecules, respectively. After constructing the
simulation box, a 500 ps MD simulation with a time step of 0.1 fs and using ReaxFF was performed
on the simulation box in the NPT ensemble to reach the final equilibrium density at 1 bar and 298
K. Finally, the numerical mean density is calculated from the simulation time of 250 ps onwards

and it is reported as the equilibrium density of the polymer or water.

2.2.2. Chemical Reaction

For the reactive MD simulation of the chemical reaction of the PEI and C-PES polymers, a
simulation box with a density of 0.4 g/cm® is constructed and contains 1, 1, and 30 molecules of
PEI, C-PES, and water, respectively, and it is called a reaction system. The simulation procedure
began with the minimisation of the reaction system using the conjugate gradient algorithm with a
force tolerance of 1 kcal/mol/A, after constructing the simulation box. The reaction system was

then equilibrated using the NVT ensemble and MD simulation with ReaxFF at 298 K for a running
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time of 10 ps. Finally, MD simulations were performed for 10 ns on the reaction system under the
NVT ensemble and periodic conditions at 298 K to generate the stable system. The simulation

results of the system were recorded every 1000 fs.




Fig. 1: Chemical structure of PEI and C-PES monomers (circles) and polymer chains (the colors
blue, red, yellow, white, and gray represent nitrogen, oxygen, sulfur, hydrogen, and carbon,

respectively).

3. Results and Discussion
3.1. Validation of MD Simulation Results
The pure density of the water, PEI and C-PES polymers were calculated using the MD

simulation and ReaxFF force fields. In this study, owing to the very low carboxylation degree of
polyethersulfone (PES), it was assumed that the density of C-PES is equal to the density of the
PES polymer. The experimental density for the pure PEI, C-PES, and water at 298 K and 1 bar are
1.023!,1.24 32 and 0.998 g/cm?, respectively. The simulation results show that the average density
of the PEI polymer is 1.05 g/cm® for the ReaxFF, which are in good agreement with the
experimental value of 1.02 g/cm®. Furthermore, the average density of water is 0.96 g/cm? when
using and ReaxFF, which was in agreement with the experimental value of 0.99 g/cm®. In addition,
the experimental density of C-PES is 1.24 g/cm?, which is similar to the simulation results obtained
using the ReaxFF. Nevertheless, as the degree of polymerisation in the MD simulation is much
lower than the degree of polymerisation in the experiment, there is little difference between the
simulation result and the experimental data. Therefore, the MD simulation results are in good
agreement with the experimental data.

The RDF shows the probability of the presence of atoms A near atoms B at the distance r
(ga-8(r)), which was averaged over the MD trajectories using Equation (2) *>3*

(—£

)
Ja-g = 4?(,% Equation (2)
v
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where 73 is the number of atoms B around atoms A that are located inside a spherical shell of

thickness Ar, Np is the total number of atoms B, and V' is the total system volume.

The RDFs of H-O and O-O of the water atoms are presented in Fig. 2. As presented in Fig.
2, the first sharp peak at 1 A indicated the chemical bond between the O and H atoms and this
value is in good agreement with the ab initio value of 0.958 A 35 and the MD simulation value of
1 A 353 The other peaks at 1.7 3° and 3.3 A represented the hydrogen bonds between the water
molecules. The RDFs of O—O water molecules in Fig. 2b indicate that there are two peaks at 2.8
3¢ and 4.5 A, which indicates the hydrogen bonds between the water molecules, and they are similar
to the results reported in the previous study *>~*7. The value of first sharp peak of RDF of O-O
water molecules (2.8 A) is in good agreement with the ab initio BLYP, ReaxFF MD and

experimental data value of 2.80 383° 2,77 3 and 2.82 4°A, respectively.
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Fig. 2: RDFs of water molecules: a) H-O; and b) O-O.

The RDFs of the H-N, C-N, C-C, and C—H of PEI polymer atoms are presented in Fig. 3.
The RDF results presented in Fig. 3a show the existence of three peaks; the first sharp peaks at 1.1
A are those of the N-H bonds in the nitrogen atoms bonded by one or two carbon atoms. The
second sharp peak occurs at 2.1 A is indicative of the distance between the nitrogen and hydrogen
atoms in the H-C—N bonds, and the third peak at 2.7 A indicates the distance between the nitrogen
and hydrogen atoms in the H-C—C—N bonds. The RDF of the C—N bond in Fig. 3b indicate that
the two sharp peaks at 1.5 and 2.5 A, respectively, are related to the distance between the nitrogen
and carbon atoms that are bonded and non-bonded in the polymer chain. According to the
experimental data *!, the bond length of N-C is 1.45 A which is in good agreement with this RDF
results. In addition, the results presented in Figs. 3¢ and d show two sharp peaks at 1.5 and 1.1 A,
which indicate the C—C and C-H bonds in the PEI polymer chain, respectively, and these value

are in goog agrement with the ReaxFF MD simulation results an the experimental data ?’.
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Fig. 3: RDFs of PEI polymer atoms: a) H-N; b) C-N; ¢) C—C; and d) C—H.

Fig. 4 presents the RDFs of the C-PES polymer atoms. As shown in Fig. 4a, the positions of
the peaks in the H-O RDFs are located at 1 and 2.7 A, wherein the first peak represents the
chemical bond between the O and H atoms in the C-PES chains. The RDF of C-C in Fig. 4c, shows
there are two sharp peaks at 1.6 and 2.6 A corresponds to the sp>—sp? bonds and the nearest
neighbor in the carbon ring, respectively, and these values are in good agreement with the previous
ReaxFF MD simulation 26, Furthermore, the RDF results in Figs. 4 c, and d show that the first
peaks are located at 1.5, and 1.5 A, which indicate the chemical bonds of C-C, and S-O,

respectively.
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Fig. 4: RDFs of C-PES polymer atoms interactions. a) H-O; b) C-0; c¢) C-C; d) S-0O; e) S-C;
and f) O-0O.

Finally, it can be concluded that, according to the density results of pure polymer and water,

the simulation results are in good agreement with the experimental data and also the RDF results

14



in Figs. 2, 3 and 4, which confirms that the used ReaxFF parameters of the aforementioned
previous study ? are appropriate for the MD simulation of the chemical reaction between the PEI

and C-PES polymers.

3.2. Chemical Reaction

The calculation of the total number of molecules during the reactive MD simulation is an
effective method of examining the possibility of the molecular reactions. Therefore, the total
number of molecules, including the PEI and C-PES polymers and the water molecules, water
molecules, and the type of molecules in the MD simulation were calculated at the beginning of the
simulation (1 ns from the total simulation time), and the results are presented in Fig. 5. The
simulation results indicate that the total number of molecules in the simulation box decreases over
time, and for 500 ps, the variation in the total number of molecules was reduced. The total number
of molecules in the simulation box before running the reactive simulation was 32 molecules, which
comprised 30 water molecules, one PEI molecule, and one C-PES molecule. The presence of
nitrogen atoms in the PEI polymer causes the latter to have a very high affinity for water molecules,
and thus, the water molecules decompose into H+ and OH—, and they are then bonded to the N
atom of the polymer chain. Therefore, at the beginning of the simulation, the total number of
molecules increases slightly and subsequently decreases.

According to the results in Fig. 5a, the total number of molecules at 298 K does not change
from 300 ps onwards and it converge to 25 at the end of simulation. Which indicates the stability
of the system, and the reaction between the polymer chains does not occur. This is in agreement
with the experimental observation in our previous experimental work 8, wherein we observed that,

when the temperature is low, almost no reaction or only electrostatic interaction exists between the
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C-PES and PEI, which resulted in very low salt rejection. On increasing the temperature, the total
number of molecules decreased, which indicates that reactions occurred between the molecules
during the MD simulation, and this trend is similar for the two temperatures of 323 and 353 K.
Furthermore, the results show that, at the beginning of the MD simulation, the total number of
molecules at 353 K is less than that at 323 K, but from 250 ps onwards, the total number of
molecules increases as compared to that at 323 K, which could be because some reactions are
reversible at 353 K. Finally, the simulation results indicate that the total number of molecules
converge to 24 and 23 molecules, respectively, at 323, and 353 K.

The simulation results presented in Fig. 5b indicate that at first, the number of water
molecules decreases during the MD simulation at 298 K, while after 500 ps, the number of water
molecules in the simulation box becomes constant at 23 molecules. Moreover, the water molecules
react with the PEI polymer chains, and the polymer chains are thus prepared to interact with each
other. According to the simulation results, finally, the number of water molecules converge to 22,
19 and 20 molecules at 298, 323, and 353 K, respectively.

As shown in Fig. 5c, the type of molecules changes during the simulation, and finally, the
number of types of molecules becomes constant at 3, 4, and 4 types of molecules at 298, 323, and
353 K, respectively. Further research on the type of molecules in the simulation shows that the
maximum number of types of molecules in the simulation box is five at the beginning of the MD

simulation, which is related to the decomposition or reaction of water molecules and the new O2H3
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molecules or to the H+ and OH— that were produced. However, these new molecules are not stable

during the MD simulation, and they finally react with each other to produce water molecules.
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Fig. 5: Molecules versus time at various temperatures for a) total molecules in the simulation
box; b) water molecules; and c) types of molecules.

The number of new molecules that resulted from the reaction of the PEI and C-PES
molecules is calculated during the simulations at different temperatures, as shown in Fig. 6. At 298
K, the new molecule was formed from the reaction of the PEI and C-PES molecules after 100 ps,
and the number of molecules is constant until the end of the simulation time. However, as the
temperature increases to 323 K, the number of new molecule decreases and with a further increase
in temperature to 353 K, the new molecules are unstable, and decomposition of the bonded
chemicals occurs. Therefore, it can be said that, by increasing the temperature to 323 and 353 K,
the probability of the PEI and C-PES molecules forming a chemical bond is low, and the produced
molecules become unstable at a higher temperature. We hypothesised that the reacted molecules
of C-PES and PEI decompose at high temperatures, and thus, the reaction becomes reversible.
Thus, this results in defects in the selective dense layer of the NF membrane. This phenomenon

was observed experimentally by Zarei et al. 8, which noticed that when temperature increased to
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higher than a certain value, 343 K, the prepared membraned rejection decreased. They also
hypothesised that reacted molecules of C-PES and PEI decompose at high temperatures.

In addition, the study of the bonds formed during the simulation at different temperatures
demonstrates that, at 323 and 353 K, the CNH: group of PEI reacts with a COOH group of C-PES
and forms a new bond and a molecule; however, at 298 K, this type of reaction is not observed,
and a new molecule is observed in Fig. 6a owing to the proximity of the polymer chains and the
interaction between the two groups of C3N of PEI and the COOH of C-PES. Again these results
are entirely in line with Zarei et al. 8 that they found by increasing temperature to a certain value
membrane, the prepared nanofiltration membrane rejection increased. They attributed the increase
in membrane rejection to the reaction between the CNH:2 group of PEI reacts with a COOH group
of C-PES and the formation of a new bond and a molecule.

In a similar study, Akbarian et al. ** utilised ReaxFF based molecular dynamics (MD)

simulations and experimental techniques to obtain the effect of temperature on the peroxide-
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induced crosslinking of polyethylene. MD results confirmed that high temperature had an adverse

effect on the cross-linking, which is in accordance with the results of this work.
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Fig. 6: Number of new molecules resulting from the reaction of the PEI and C-PES molecules at
various temperatures: a) 298 K, b) 323 K, and ¢) 353 K.

The bonded and torsion energy of the molecules is calculated in the MD simulation at the
beginning of the simulation (1 ns from the total simulation time) and can be observed in Fig. 7.
The simulation results indicate that the value of the bond energy, which indicates the formation
of new bonds between the molecules, and when this value is low, it indicates that more or stronger
bonds have been formed between them. Furthermore, the simulation results in Fig. 7a indicate
that the maximum and minimum bonded energies are observed at 298 and 323 K, respectively.
Therefore, at 323 K, more or stronger bonds form between the molecules relative to the case of
other temperatures. According to the simulation results in Fig. 7b, the torsion energy of the
molecules increases during the simulation time, which is attributed to the change in the angle and
the torsion of the molecules over time, to achieve a stable and an optimal position in the simulation
box. Therefore, at 298 K, as compared to other temperatures, the torsion and rotation tendencies

of the molecules are low. However, at 323 and 353 K, the interaction of the PEI and C-PES chains
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is greater as they find suitable positions. Furthermore, at 353 K, the reversible reactions between

the polymer chains increase the torsion energy.
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Fig. 7: Energy (kcal/mol) observed during the MD simulation at various temperatures: a)

bonded energy; and b) torsion energy.

In these systems, the hydrogen bond plays an important role due to the presence of water

molecules and oxygen and nitrogen atoms in the polymer chains. The hydrogen bond is formed
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owing to the electrostatic interaction that occurs when a hydrogen atom (H) covalently bonds to
other atoms of N or O. The hydrogen bond is stronger than the van der Waals interaction but
weaker than the covalent or ionic bonds. Fig. 8 presents the variation of the hydrogen bond energy
as a function of the simulation time at the beginning of the simulation (1 ns from the total
simulation time). The simulation results indicate that the hydrogen bond energy decreases until it
levels off after 100 ps at 298 and 323 K. The lowest hydrogen bond energy corresponds to the
temperature of 298 K, which indicates the formation of the greatest number of hydrogen bonds at
this temperature, and at 323 K, owing to the interaction between PEI and C-PES, the number of
hydrogen bonds decreases, and the energy increases as compared to that at 298 K. Nevertheless,
at 353 K, the hydrogen bond energy changes and increases at 100 ps as compared to that at other
temperatures owing to the reversible reactions of the polymer chains as well as the effect of
temperature on the hydrogen bond formation. In general, the simulation results in Fig. 8 indicate
that the hydrogen bonds energy of the system decrease with increasing temperature because the
enthalpy of hydrogen bond formation is usually negative. As was expected, the number of
hydrogen bonds in blends of polymers*** drop with the increasing temperature. Also, Hu et al.45

are reported that as the temperature increased, the hydrogen bonds decreased.
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Fig. 8: Hydrogen bond energy as a function of the simulation time at various temperatures.

4. Conclusion

In this study, the interaction between the PEI and C-PES polymers in the presence of water
molecules was investigated using an MD simulation. Initially, the comparison of the simulation
results and experimental data showed that they have a good agreement. The effect of temperature
on the interaction of two PEI and C-PES polymers at 298, 323, and 353 K was then investigated,
and the results showed that, at 323 K, the reaction between the polymers occurs through the COOH
group of C-PES and CNH: group of PEI, and as the temperature increases to 353 K, reversible
reactions occur. These results are in good agreement with the experimental results obtained by us
in a previously published papers [7-8]. The simulation results also showed that the interaction
between the water molecules and N atoms in the PEI chain for the hydrogen bonding is high and
decreases as the temperature increases. Finally, the simulation result indicates that the reversible
reaction of the PEI and C-PES polymers that occurred at 353 K was also presented in a previously

published papers.
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